Improvement studies of existing phosphors are needed for use in light emitting diodes (LEDs). Among the phosphors discovered recently, the SLA (SrLiAl ) is a phosphor that has a narrow width. It is now known as a good red phosphor that meets the industry's needs for warm white (color temperature ranging from 2700 to 4000 K) and high CRI (> 80). However, SLA phosphors are obtained from difficult synthetic methods. All commercially available phosphors should be derived from the general solid state synthesis method. The phosphors produced by difficult synthetic methods will inevitably fall out of price competitiveness and will be scrapped. This study succeeded in synthesizing SLA (SrLiAl ) phosphors by using a general solid phase synthesis method based on the reaction energy obtained from DFT calculations. As a result, we found an optimal solid state synthesis method for SLA phosphors.
Introduction
s lighting technology continues to develop, energy efficiency has become a more critical standard for light devices. The international trend is that conventional fluorescent lamps or metal filament lamps, which consume too much energy, should be replaced by highly energy-efficient light emitting diode (LED) lamps to reduce energy consumption. This is because LED lamps are manufactured based on semiconductor technology that emit only monochromatic light. However, white light lamps should incorporate the entire spectrum of visual light. Hence, a phosphorconverted LED (pc-LED) can be produced by combining a yellowish green fluorescent substrate with a blue LED chip (440 to 480 nm) that emits blue light or by combining a green fluorescent substrate with a red fluorescent substrate to emit white light.
Most of the commercially available pc-LEDs employ only Ce However, the YAG:Ce 3 + fluorescent substrate emits little light in the red spectrum. Thus, the cool white light range (color temperature of 4000 to 8000 K) is limited, as it provides a limited color rendering index (CRI < 75). Current lamps require warm white light (color temperature of 2700 to 4000 K) and a high CRI (> 80).
Hence, the goals of the light industry are to make the pc-LED light emission be well adapted to visibility and to improve the color reproduction without lowering the energy efficiency, thus obtaining a high light-emitting efficiency from the pc-LEDs. The accomplishment of these goals is determined by the central wavelength and half-width of a red fluorescent substrate. At present, very few red fluorescent substrates satisfy the conditions of high energy conversion efficiency and good deterioration characteristics. Commercially available red fluorescent substrates are (Ca,Sr,Ba) These two red fluorescent substrates have a relatively wide light-emitting wavelength spectra, and some of the wavelengths are longer than 700 nm, which is the limit of human visibility. Therefore, these two red fluorescent substrates are unable to reach the maximum light-emitting efficiency of high quality warm-white pc-LED (CRI > 90). The sulfide-based fluorescent substrate, Sr
, is a narrow half-width fluorescent substrate that shows good light-emitting characteristics, but it is difficult to apply it to commercial products due to the decrease of the light-emitting efficiency depending on temperature, the high sensitivity to hydrolysis, and the toxicity of hydrolysis products (H 2 S gas).
)
Hence, a red narrow half-width fluorescent substrate that was recently discovered and reported by Schnick et al., SLA (SrLiAl ), has drawn much attention from the industry.
However, the experimental method reported by Schnick et al. includes a synthetic method that may not be easily applied to production. All the fluorescent substrates that are used commercially are generally obtained by a solid-state synthetic method. Therefore, a fluorescent substrate that can be produced by a difficult synthetic method A Communicatio will have low price competitiveness and eventually be removed from the market.
In the present study, the SLA fluorescent substrate was synthesized by a general synthetic method and not by the difficult experimental method reported by Schnick et al. The experimental model was selected on the basis of the reaction energy obtained by performing density function theory (DFT) calculations, and not random experiments, to develop a general solid-state synthetic method.
Experimental Procedure

DFT Calculation
In the Vienna ab initio simulation package (VASP5.4),
the gradient approximation (GCA) method proposed by Perdew, Burke, and Ernzerhof (PBE),
as well as the Monkhorst-Pack method, was employed. The cut-off was set to be 500 eV, which is a general criterion, and the K-mesh appropriate for each structure was used. In addition, the simulation was performed by adopting the Project Augmented Wave (PAW) pseudopotential,
which is generally used for each element. Structural relaxation was performed to enable the variation of the atomic positions, lattice parameters, and the values for symmetry. After completing the structural relaxation, the energy values were verified. The band structure as well as the density of state (DOS) were also examined to verify if the calculation was carried out normally.
Fabrication and Analysis
The raw material reagents selected through the DFT calculations (Sr, Li 3 N, AlN, and EuN) were weighed and mixed according to the stoichiometry. They were then pulverized to prepare samples in a glove box that included oxygen and moisture less than 2 ppm. Then, 0.3 g of each sample was put into a boron nitride (BN) (80 × 40 × 20 mm) container that has 18 holes with a diameter of 8.5 mm. Subsequently, the BN container was transported to a sealed tube-type heat treatment system to calcinate the samples in a nitrogen atmosphere (N Each of the calcinated samples was then pulverized to undergo X-ray diffraction (XRD) and photoluminescence (PL) analysis. The emission spectrum was measured at 460 nm excitation by using a house-built continuous-wave (CW) PL system equipped with a xenon lamp.
Results and Discussion
Reaction energy calculation
The reactant energy and the product energy were obtained by the DFT calculation, and the reaction energy was calculated as the difference between the two energy values. The calculation results are shown in Table 1 . Calculation was performed to obtain the energy values of the raw material reagents that were used as reactants in the SLA report, 6 ) which were SrH was synthesized by a general solid-state synthetic method, as described in the introduction. For this purpose, the selected raw materials were mostly nitrides. The selected raw materials were Sr, Li 3 N, AlN, and N. In the case of Sr, the Sr metal was selected because the nitride reagent, Sr
, was not available. The calculated reaction energy was −0.1827 eV/atom. Comparison of the two reaction energy values showed that the method reported by the SLA report was more stable. However, the method chosen in the present study was found to be more stable when compared with the reaction energy values of similar inorganic compounds reported by Ceder, 1 5 ) thereby indicating that the synthetic method may be feasible.
In addition, since various raw material reagents were selected in the present study, the reaction energy of the individual reactants was calculated. A striking fact from the calculations was that a big difference in the calculation value was found only between the calculations performed by setting the source of Al as a metal and the calculations performed by setting the source of Al as AlN, regardless of the calculation methods. The calculated reaction energy value was about 5 to 6 times lower in the calculation performed by setting the Al source to be Al metal than in the calculation performed by setting the Al source to be AlN. This result was consistent with the optimal synthesis conditions for a series of nitride fluorescent substrates that are commercially applied. For example, the CASN (CaAlSiN 
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However, the correlation between the reaction energy and the synthetic route roughly explained in the present article does not provide an absolute standard of value. In particular, the DFT calculations performed in the present study are based on the simple thermodynamic internal energy at the absolute temperature of zero (0) under the assumption that all materials are solid. Therefore, the values obtained from the calculations do not represent the actual situation at high temperature involving many gas phases. It should be noted that the entropy term representing the gas phases was completely neglected and the kinetic term may not be considered in the simple DFT calculations. Nevertheless, considering that the reaction energy values obtained from the simplified calculations of the present study are well matched with the situation of the actual experiment, the calculation results may be used to predict the optimal conditions for synthesizing fluorescent substrates.
Structural properties
Based on the calculation results, the synthesis was performed by the Method No. 2 shown in Table 1 . An XRD analysis was performed to verify if the synthesis of the SLA fluorescent substrate was well carried out. The calcinated samples did not have a single phase SLA structure, but included a small amount of impurity. The impurity phase was AlN, which was consistent with the reaction energy calculation results that showed the reaction energy value increasing when the AlN source was used. Fig. 1 shows the XRD pattern and the Rietveld refinement results of the SLA fluorescent substrate. The sample had a triclinic system structure in the P-1 space group. The lattice parameters were a = 5.8461 (2) Å, b = 7.4791 (4) Å, c = 9.9199 (4) Å, α = 83.598 (2)°, β = 76.766 (5)°, and γ = 79.519 (6)°. In addition, the lattice parameters of the impurity phase, AlN, were a = 3.1082 (1) Å, and c = 4.9743 (5) Å. The space group was also found to be P6 3 mc. Besides the AlN impurity phase, some unidentified peaks that were extremely small and weak were also found. The atomic position table reported by the SLA report from Schnick et al. 6 ) was selected as the initial Rietveld model. The Rietveld refinement was performed by using the Fullprof package. In the process of the Rietveld refinement, such variables as scale factor, zero correction, background, half-width, lattice, atom position, and thermal were optimized through the refinement procedures. The blue line in Fig. 1 , which represents the difference between the experimental value and the calculated value, is almost flat. Hence, the profile consistency coefficients were as good as Rp = 6.44, Rwp = 8.43, and Rexp = 7.89 with x 2 = 1.14, indicating that the calculated profile was well matched with the experimental values. Despite the presence of unidentified peaks of impurities that could not be considered in the Rietveld refinement procedures, the value of x 2 was unaffected. Fig. 2 shows the shape of the structure viewed from the [011] direction, as calculated by the VESTA software. The overall structure is that of a host lattice having a highdensity and rigid framework with aligned edges of AlN Figure 3 shows the emission spectrum of the synthesized SLA fluorescent substrate and that of the CASN fluorescent substrate that is commercially used. The half-width is narrower in the emission spectrum of the synthesized SLA fluorescent substrate than in that of the CASN fluorescent substrate, which is consistent with the report by Schnick et al..
)
The red fluorescent substrate that has such a narrow half-width has advantages in the preparation of high-quality warm-white pc-LED (CRI > 90). According to the experimental design obtained from the reaction energy calculations, the synthesis resulted in a good SLA fluorescent substrate structure, as shown by the emission spectrum, despite the presence of the AlN impurity. The larger Stokes shift and the broader emission spectrum band observed in the Eu 2 + fluorescent substrate has been generally correlated with the asymmetric dopant site geometry. tetrahedrons. Therefore, the more polarizable circumstance of nitrides provides a stronger nephelauxetic effect than that of, for example, an oxide environment, which results in a greater crystal field splitting and a stronger ionic character to lower the 4f 
Conclusions
The present study was conducted to replace the difficult SLA fluorescent substrate synthetic method reported by Schnick et al. This is because all the fluorescent substrates that are commercially used are manufactured by general solid-state synthetic methods. However, the synthetic method reported by Schnick et al. has little commercial feasibility, unavoidably resulting in a high price. No matter how good a fluorescent substrate may be, an alternative material is pursued if the price competitiveness is low in the industrial field. In the present study, general raw materials were selected on the basis of the reaction energy values obtained through DFT calculations, and the synthesis was carried out by a general solid-state synthetic method. The structure of the synthesized fluorescent substrate was verified through Rietveld refinement. The emission spectrum showed that the experiment was carried out well. The presence of AlN impurity may be addressed by further optimization procedures. 
